In hydrometric stations, water levels are continuously observed and discharge rating curves 11 are constantly updated to achieve accurate river levels and discharge observations. An 12 adequate spatial distribution of hydrological gauging stations presents a lot of interest in 13 linkage with the river regime characterization, water infrastructures design, water resources 14 management and ecological survey. Due to the increase of riverside population and the 15 associated flood risk, hydrological networks constantly need to be developed. This paper 16 suggests taking advantage of kriging approaches to improve the design of a hydrometric 17 network. The context deals with the application of an optimization approach using ordinary 18 kriging and simulated annealing (SA) in order to identify the best locations to install new 19 hydrometric gauges. The task at hand is to extend an existing hydrometric network in order to 20 estimate, at ungauged sites, the average specific annual discharge which is a key basin 21
6 drainage areas are assumed as a proxy. The main difference is that top-kriging takes into 128 account the nested nature of catchments by considering that the area is shared by two 129
catchments. Yet, top-kriging requires a very large computation time compared to ordinary 130 kriging. Laaha et al. (2014) found that for locations without upstream data points, the 131 performances of the two methods are similar. Their study resulted in coefficients of 132 determination in cross-validation that are 0.75 for the top-kriging and 0.68 for regional 133 regression methods, including nested basins. A major interest of the top-kriging method is its 134 ability to estimate (and allow to visualize) continuously the spatial variability of the specific 135 flow over the whole hydrographic network. Nevertheless, in this study, we do not need to 136 continuously estimate the specific flow rate. Therefore, in our opinion, the small gain in terms 137 of explanatory power does not justify such an investment in computation time, especially that 138 the kriging procedure is repeated as many times as it is necessary to optimize the objective 139 function. 140
Thus, the approach using ordinary kriging is selected as an alternative. It is also achieved in 141 order to take advantage of the numerical tools developed so far by the authors in previous 142 studies ( Chebbi et al., 2011) . 143
To assign a geographical distance between basins (in semivariogram analysis and kriging 144 estimation), the Euclidian distance between the basin's centroids is often adopted (see for 145 2003). In fact, it is not possible to consider the basin outlets for distance estimation because 147 the runoff is a response of the basin as a whole. Some variables other than the geographic 148 location by such as a basin mean altitude, basin slope, and basin mean annual precipitation 149 can be adopted to build the distances between basins but for the reasons advocated above 150 (lack of data availability), this is out of the scope of this study.
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The main purpose of this study is to identify an optimal set of new locations to upgrade the 152 size of an initial hydrometric network. The objective addressed in stating the optimization 153 problem is to make a more accurate evaluation of the average specific annual module. 154
The new contribution of this study is really to find a substitution variable for the runoff which 155
is not suitable for the use of kriging because it is not an additive variable. The problem is 156 solved by using the transformation of the runoff into an effective rainfall (by using the ratio of 157 runoff and the drainage area which corresponds to the specific discharge) and also by using a 158 scaling formula (geo-regression) allowing a basin runoff inter-comparison. 159
The case study concerns the hydrometric network of the transboundary Medjerda River, in 160
Northern Tunisia. This study area is selected because the Medjerda represents the main river 161
in Tunisia with a 350 km length. The drainage area of the basin at the Mediterranean outlet in 162
Kallat Landlous is about 23 500 km². Another reason for which this study area is chosen 163 relies in taking advantage of the long series of runoff observations available in this basin for a 164 long time (Rodier et al., 1981) .This insures a good accuracy in the estimation of the mean 165 annual runoff. 166
Section 2 presents the methods used in this paper. Section 3 presents the study area and data 167 while Section 4 sets out the obtained results. The concluding remarks are presented in Section 168 5. 169
Methods 170
The methods adopted in the current work are divided into three main topics: data mining, 171 ordinary kriging and statement of the optimization problem. 172
Data mining using geo-regression 173
The analysis adopts (a) the average specific annual module as a primary study variable; (b) 174 the coordinates of basin centroids as a basis to estimate the spatial variability structure, 175 similarly to Merz and Blöschl (2005) (c) the drainage area as the proxy of a specific runoff. 176 8
The method requires defining a number M of evaluation basins and a number C of candidate 177 basins as well a set of initial guesses. Because the M evaluation basins, the C candidate basins 178 and the initial controlled basins are of various sizes, it is necessary to reduce the scale effect 179 of drainage area. Assuming that the average specific annual module for a basin of size A N is 180 Q N and assuming the scaling relationship Q N /Q=(A N /A)  , the average specific annual module 181 Q is replaced by the standardized specific module Q N following Merz and Blöschl (2005) who 182 adopted A N = 100 km². It comes: 183
where Q N is the average specific annual module for a hypothetical 100 square km basin, A 185 (km 2 ) the gauged drainage area and Q is the observed average specific annual module. The 186 scaling exponent β is found by a regression analysis between log(Q N ) and log(A). In (Fair, 1986) 
or 192
Akaike Information Criteria (AIC) (Bozdogan, 2000) can be assumed for model evaluation. 193 However, R² is selected as an alternative to RMSE for it is dimensionless. The use of AIC is 194 not needed because the number of parameters to be estimated is fixed regardless of the model 195 (It is  which is to be estimated). The semivariogram is the structure function used here to model variability associated with the 213 regionalized variable, Z. It measures the spatial variability of squared differences between 214 pairs of variables, which allows building the experimental semivariogram,  (h), given by: 
where ω is the structural variance, ω 0 is the nugget variance and a is the range parameter. In 232 the case of the exponential model, the range is defined as the distance at which the 233 semivariogram is of 95% of the sill. So, it is equal to 3a according to Eq. (3). The sill is equal 234 to (ω + ω 0 ) (Bardossy, 1997). 235
The spherical model for the semivariogram is given by Eq. (4): 236
Ordinary kriging is furthermore adopted. Thus, the estimated value Z*(x 0 ) at a location x 0 is a 238 weighted linear combination of observations x i at neighboring gauged basins i=1,N nb where 239 N nb is the number of observations within the exploring neighbourhood (Matheron, 1970) :
where Z * (x 0 ) is the estimated value of Z at the ungauged location x 0 ,  i is the weight given to 242 the observation at the location x i . 243
The variable Z in Eq. (2) and Eq. (5) the ratio is, the higher is the independency of the field observations. The values of 279 dependency ratio are grouped and interpreted as follows: high dependency (< 25%), moderate 280 dependency (25% -75%), and low dependency (> 75%). 281
Statement of the optimization problem 282

Network design problem: Minimizing the average kriging variance 283
The problem statement is to extend an existing hydrometric network in order to evaluate the 284 average specific annual module more accurately in the study basin. Thus, the optimization 285 Thus, when a "grid" of M basins is adopted to compute the variance of kriging error and 295 quantify the objective function OF, the minimization problem is solved by using a simulated 296 annealing algorithm (Kirkpatrick et al., 1983) . Indeed, the simplicity of the algorithm and the 297 variety of optimization problems to which the algorithm is used are among the main 298 advantages of simulated annealing (Fleischer, 1995) . This algorithm is applied in Cunha 299 (1999) for solving aquifers' management problems. It was also applied by Chebbi et al. (2011) 300 in order to optimize the selection of rainfall stations in the issue of increasing the size of an 301 existing rainfall network. 302
Definition of candidate solutions and simulation scenarios 303
The optimal locations are chosen from the C candidate stations which are represented by the 304 centroids of their drainage area. The candidate stations are selected in such a way that they 305 cover the whole study region. Besides, they are selected in such a way that they do include 306 outlets representing upstream basins, and small to moderate size basins. Moss and Tasker 307 (1991) recommended that the number of candidate stations should be at least three times the 308 number of the desired optimal stations. In this work, due to the high cost of the hydrometric 309 equipments and to the financial constraints, we seek to implement only one to five new 310 stations. Thus, the new locations investigated by using the SA optimization scheme for five 311 
Study area and data 318
The study area is the North of Tunisia, including the Medjerda basin (BV5), the Northern 319
Coast Basin (BV3) and the Cap Bon -Méliane Basin (BV4). However, the optimization has 320 been performed for the Medjerda Basin (BV5) which covers an area of 21,000 km 2 in Tunisia. 321 Figure 1 shows the hydrometric network of the study area composed of 19 controlled basins. 322
Their names and drainage areas are reported in Table 1 Table 1 displays the observed average annual module which is reported by using the National 351 hydrological service (DGRE) annual reports. Figure 1 and Table 1 show Because we deal with one to five new sites, it is assumed that M=20 is sufficient to compute 359 the grid average kriging error with confidence. The sampling of evaluation grid basins is 360 conceived in such a way as to cover the study domain (in both left and right banks) and to 361 include small, moderate and large drainage areas. 
Results 383
Scaling and regression results 384
The scaled specific discharge Q N sample (Eq. (1a) Table 3 . 397
Spatial variability results 398
The residuals of regression estimation of the average specific annual modules Q N in the 19 399 gauged basins are assumed as a variability pattern Z to be analyzed and to be used to quantify 400 the sample semivariogram. The latter is reported in Figure 6 Table 3 ). 410
Besides, the determination coefficient R 2 is equal to 0.72 which is nearly the value obtained in 411 the Mkhachbia station (O4), the standardized error is less than -2 (see Table 3 ). Besides, the 414 determination coefficient R 2 is equal to 0.45, namely much lower than that of the exponential 415
model. 416
Thus, the exponential model is adopted as a spatial variability structure since it gives the best 417 results in cross-validation. 418
Augmented hydrometric networks results 419
As presented in the methodology, to achieve the optimization objective, the spatial average 420 kriging variance of the interpolation error Z is minimized over the candidate networks using 421 simulated annealing. As expected, we notice that, as the network size goes up, the estimation 422 average variance goes (Table 4) The resulting optimal stations obtained from the five scenarios are listed in Table 5 . What are the implications of the findings with respect to the average inter-station distance, 456 average drainage area as well as minimum and maximum inter-stations distances? 457 Table 5 reports the average inter-station distances as well as the average drainage area for 458 each scenario, together with the minimum and maximum inter-stations distances. The lowest 459 minimum inter-stations distance (about 11 km) is given by the initial network of 12 stations. 460
As no candidate is proposed with a smaller inter-distance, the minimum remains unchanged. Table 4 Click here to download Table: Table 4 .docx 
